
Histone Phosphorylation: Stimulation by 

Adenosine 3',5'-Monophosphate 

Abstract. Adenosine cyclic 3',5'-monophosphate at a concentration of 10-7M 
causes a four- to sixfold increase in the rate of histone phosphorylation catalyzed 
by a liver enzyme preparation. This observation suggests a mechanism for the 
induction of RNA synthesis by those hormones that cause increases in the con- 
centration of cyclic AMP. 

Liver extracts contain a protein ki- 
nase that catalyzes the transfer of phos- 
phate from adenosine triphosphate 
(ATP) to serine residues of histones 
and protamines (1). Sutherland (2), 
Krebs and Fischer (3), and Krebs (4, 5) 
and their associates have established 
that a sequence of protein phosphoryla- 
tion reactions involved in the hormone- 
induced activation of glycogen phos- 
phorylase is stimulated by adenosine 
3',5'-monophosphate (cyclic AMP). 
A large number of other hormone re- 
sponses are mediated by cyclic AMP 
(6), including some which are blocked 
by inhibitors of protein (7) and RNA (8) 
synthesis, but the mechanism by which 
the cyclic nucleotide acts in these cases 
is unknown. A cyclic AMP require- 
ment has been observed in a protein 
kinase reaction more closely related to 
the one under study in this laboratory. 
This observation was made with an en- 
zyme, obtained from skeletal muscle by 
Walsh, Perkins, and Krebs (5), which 
catalyzes a cyclic AMP-dependent 
phosphorylation of phosphorylase b ki- 
nase. In collaboration with G. H. Dixon 
and B. Jergil, University of British Co- 
lumbia, Walsh et al. (5) found that the 
skeletal muscle kinase also catalyzes a 
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Fig. 1. Effect of concentration of cyclic 
AMP on histone phosphorylation. The 
amount of histone kinase present was 2.6 
gLg, and the specific activity of the 32P-ATP 
was 1710 count/min per nanomole of 
/3,y-phosphate. The substrate was f his- 
tone. Incubation time, 5 minutes. In this 
experiment, acid-insoluble 32P was counted 
directly after the washed Millipore filters 
were glued to planchets. 
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cyclic AMP-dependent phosphorylation 
of protamine. In addition, the activity 
of a protamine kinase obtained from 
trout testes (9) is increased 20 to 30 
percent by cyclic AMP (10). 

Prompted by these findings, we con- 
ducted tests for the effect of cyclic AMP 
on the liver kinase preparations which 
act on histones and protamines. There 
was no effect of the cyclic nucleotide 
on protamine phosphorylation. How- 
ever, phosphorylation of histones by 
these preparations is stimulated by 
cyclic AMP. 

The histone kinase preparations were 
purified approximately 150-fold by the 
following procedure (all operations at 
0? to 4?C). "Acetone powder" (24 g) 
from calf liver (11) was ground in a 
mortar with 300 ml of 0.2M (NH4)2- 
S04, 0.05M in tris[tris(hydroxymethyl) 
aminomethane] buffer. (Except where 
indicated, the pH of all buffers used in 
the procedure was 7.5.) The resulting 
suspension was stirred slowly for 30 
minutes and centrifuged for 20 min- 
utes at 33,000g. The supernatant was 
diluted with one volume of water, and 
four additional volumes of water con- 
taining 4 g (dry weight) of calcium phos- 
phate gel (12) were added. The gel was 
collected by centrifugation and washed 
twice with 200 ml of 0.08M potassium 
phosphate buffer. The enzyme was 
eluted from the gel with 240 ml of 
0.5M phosphate buffer. This buffer and 
all solutions used in succeeding steps 
contained 10-3M dithiothreitol. The pro- 
tein precipitated from the gel eluate by 
the addition of (NH4) 2SO4 to 75 per- 
cent saturation was collected by centri- 
fugation (15 minutes at 33,000g) and 
dissolved in 160 ml of 0.05M phosphate 
buffer. Four volumes of water contain- 

ing 800 mg (dry weight) of alumina C- 
gamma gel (Sigma) were added, and the 

gel was eluted with 240 ml of 0.125M 
phosphate buffer. The gel eluate was 
fractionated by the addition of (NH4)2- 
SO,, and the protein precipitating be- 
tween 30 and 47 percent saturation was 
dissolved in 190 ml of 0.0085M phos- 
phate buffer. The enzyme in this solu- 
tion was adsorbed on a column (2.4 by 
6 cm) of Serva diethylaminoethyl-cellu- 

lose (DEAE) (equilibrated with 0.025M 
phosphate buffer) and eluted with suc- 
cessive portions (50 ml) of 0.10, 0.15, 
and 0.25M phosphate buffer. The active 
fractions were usually eluted by 0.15M 
phosphate buffer. They were pooled, 
concentrated to 2 to 3 ml by ultrafil- 
tration, dialyzed 18 hours against 
0.005M tris buffer, pH 7.8, and stored 
on ice. The yield was 6 to 7 mg of pro- 
tein that catalyzed the transfer of 2 to 
4 pmole of phosphate per hour per 
milligram of protein to fl histone under 
standard assay conditions (13). 

The effect of cyclic AMP on the 
activity of histone kinase was measured 
in reaction mixtures (0.5 ml) contain- 
ing tris buffer, pH 7.5, 25 jumole; 
MgCl2, 2.5 ,mole; dithiothreitol, 0.5 
umole; histone or protamine (14), 50 
/tg; and f3,y 32P-labeled adenosine tri- 
phosphate (ATP) (15), 0.25 /jmole. 
The reactions were initiated by the 
addition of 32P-ATP, incubated at 37?C, 
and terminated by the addition of 2 ml 
of cold 31 percent trichloroacetic acid. 
Acid-insoluble material was collected on 
HA Millipore filters and washed with 
a total of 30 to 35 ml of 25 percent 
trichloroacetic acid. The filters were 
placed in 2 ml of 1N NaOH containing 
0.1 p/mole of carrier inorganic phos- 
phate and heated at 100?C for 15 min- 
utes. Phosphate esterified to serine 
residues is released as inorganic phos- 
phate by this treatment. After being 
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Fig. 2. Effect of cyclic AMP on the time- 
course of histone phosphorylation. Sam- 
ples were taken from two large reaction 
mixtures, and the reactions were termi- 
nated at the times indicated. One mixture 
contained 5 X 10-6M cyclic AMP; the sub- 
strate was fl histone, and the amount of 
histone kinase per 0.5 ml of reaction mix- 
ture was 1.3 ,ug. The specific activity of the 
,3,,y-ATP phosphate was 6200 count/min 
per nanomole. The figures on the ordinate 
indicate the amount of 8P transferred per 
0.5 ml of reaction mixture. 

579 

T- ---I--- I --T- T -- -1- 
-- 

0 
0 --- 0 

0 

--l/ 
I-oi - 0 

LL-) ) I ,I I I -,- - I 



Table 1. Stimulation of histone phosphoryla- 
tion by cyclic AMP. In addition to the com- 
ponents listed in the text, the reaction 
mixtures contained 0.66 ,tg of histone kinase 
and, where indicated, 0.0025 jmole of cyclic 
AMP (Sigma); the specific activity of the 
:2P-ATP was 6930 count/min per nanomole 
of fl,/-phosphate. The incubation time was 
5 minutes. 

82P Transferred 
(pmole) Stimu- 

Substrate lation 
+ Cyclic Con- (%) 

3',5'-AMP trol 

fl Histone 124 23 530 

f2b Histone 364 92 400 
Protamine 62 57 110 
None 5 8 
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cooled, protein and filter debris were 
precipitated by addition of 0.5 ml of 
4N HCl, 1N in H2SO4, followed by 0.1 
ml of 0.1M silicotungstic acid, 0.1N in 
H.,SO4. To 2.0 ml of the supernatant, 
0.5 ml of 5 percent ammonium molyb- 
date, 4N in H2SO4 was added, and the 
resulting phosphomolybdate complex 
was extracted with 2.5 ml of isobutanol- 
benzene, 1:1 (16). Portions (2.0 ml) 
of the extracts were plated and counted 
in a thin-window GM counter. 

The effect of cyclic AMP on the 
phosphorylation of histones and pro- 
tamine is presented in Table 1. In other 
experiments, the increased histone phos- 
phorylation observed under these con- 
ditions ranged from four- to sixfold 
(400 to 600 percent). There was little 
or no increase in protamine phosphoryl- 
ation. Half-maximum stimulation of his- 
tone phosphorylation is produced by 
approximately 3 X 10-SM cyclic AMP, 
and the maximum effect is obtained at 
10-7M (Fig. 1). The 5'- and mixed 
2'- + 3'-monophosphates of adenosine, 
uridine, guanosine, and cytidine (10-5M) 
did not replace cyclic AMP. 

Cyclic AMP affects the initial rate of 
histone phosphorylation, and this rate 
remains approximately constant under 
the conditions of incubation for 10 min- 
utes in both its presence and absence 
(Fig. 2). The greatest effects of cyclic 
AMP are obtained at low (less than 
saturating) concentrations of histone. 
For example, raising the histone con- 
centration from 0.1 to 1.0 mg/ml in- 
creases the rate of phosphorylation in 
control reactions fivefold; the stimula- 
tion produced by cyclic AMP at these 
two concentrations of histone was 4.6- 
and 3.3-fold, respectively. 

Cyclic AMP does not change the 
extent of phosphorylation of histones. 
The maximum amount of phosphate 
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that can be transferred to fl histone on 

prolonged incubation with large amounts 
of enzyme and excess ATP is 33 to 
40 nmole/mg, regardless of the pres- 
ence of cyclic AMP. These data indi- 
cate that the site of phosphorylation of 
f l histone, which in the absence of 
cyclic AMP is mainly a single specific 
serine residue (17), is the same in the 

presence of the cyclic nucleotide. 
Huang and Bonner and Allfrey et al. 

(18) have shown that histones can in- 
hibit RNA synthesis in cell-free systems. 
Their findings have caused interest in 
the possibility that histones may act as 

repressors of DNA template activity 
in eukaryotic cells. The additional pos- 
sibility that acetylation (19) or phos- 
phorylation (20) of histones may modi- 

fy DNA-histone interactions and cause 

derepression of template activity has 
also been considered. In this context, 
the observation that cyclic AMP stimu- 
lates histone phosphorylation suggests 
a mechanism for the induction of RNA 

synthesis by those hormones that cause 
increases in the concentration of cyclic 
AMP. 

THOMAS A. LANGAN 

Charles F. Kettering Research 
Laboratory, Yellow Springs, Ohio 45387 
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Hypothalamic Stimulation of 

Growth Hormone Secretion 

Abstract. Stimulation of the ventro- 
medial hypothalamic nucleus in rats re- 
sulted in increased plasma growth hor- 
mone levels within 5 minutes, as mea- 
sured by radioimmunoassay. Stimulation 
of the cerebral cortex was without efject. 
These observations confirm previous re- 
sults involving destructive lesions and 
establish the ventromedial nucleus as a 
hypothalamic locus involved in the con- 
trol of growth hormone secretion. 

Evidence for the hypothalamic con- 
trol of growth hormone secretion has 
been based primarily on experiments in- 

volving destructive hypothalamic lesions. 
In most studies, however, large areas of 
the ventral hypothalamus, including the 
median eminence, have been destroyed 
(1), thus precluding the specific locali- 
zation of the site of control of growth 
hormone secretion. Recent studies from 
our laboratory (2) have demonstrated 
that destruction of the ventromedial 
hypothalamic nucleus (VMN) in wean- 
ling rats results in impaired growth as- 
sociated with decreased growth hor- 
mone levels in both the pituitary and 
plasma. Since the median eminence was 
undamaged in these animals, we sug- 
gested that the hypothalamic control of 
growth hormone secretion resides in the 
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VMN. The present report offers evi- 
dence of a different nature to support 
this hypothesis. 
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to 220 g were anesthetized with pento- 
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